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Abstract 
A mooring fatigue assessment for mooring chain links of a semi-submersible in Offshore West Africa 
(OWA) is presented. Three cases that mooring chain links are subjected to pure tension, out-of-plane 
bending (OPB) and torque are considered in the assessment. For the case that mooring chain links are 
subjected to pure tension, a comparative study on S-N curves, T-N curves and fracture mechanics (FM)-
based mooring system fatigue analyses is made and the results show that the fatigue lives predicted by 
these three approaches are generally comparable if the safety factors suggested by API and DNVGL are 
applied to T-N curves and S-N curves-based approaches. For the cases that mooring chain links are 
subjected to the OPB and torque, the investigation shows that fatigue lives of mooring chain links are 
decreased significantly due to the OPB effects, while the decline of fatigue lives of mooring chain links 
happens when the twist angles are more than 10 degrees. 
 
Keywords: Offshore mooring, fatigue, fracture mechanics (FM), out-of-plane bending (OPB), torque 
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1. Introduction 
Mooring systems are designed for securing offshore platforms to specific operating locations. As 
one of the most common mooring components, the mooring chain link is widely exercised in offshore 
mooring systems, and hence the utilization of reliable mooring chain links is crucial for the safety of 
offshore platforms. 
However, mooring accidents of permanent floating structures occurred at a high rate over the past 
couple of decades, as firstly published by Ma et al. [1]. Fontaine et al. [2] points out that at least 107 
offshore mooring accidents occurred since 1997. In particular, nearly 46% mooring accidents were 
related to failures of mooring chain links and approximate 44% of failures of mooring chain links are 
due to fatigue. There is thus a need to perform a fatigue investigation on mooring chain links of offshore 
mooring systems and especially the factors that are normally ignored in the traditional mooring fatigue 
analysis should be carefully re-evaluated. 
Traditional offshore mooring fatigue analyses are usually carried out using the so-called “S-N 
curves/T-N curves-based approaches”.  T-N curves and S-N curves for mooring line fatigue designs are 
released by API RP 2SK [3] and DNVGL OS E301 [4], respectively. However, studies focused on the 
mooring chain links contacted with the mooring equipment such as chain wheel [5], the bending shoe 
[6], the chain hawse [7] show that mooring chain links in those cases would be subjected to the extra 
out-of-plane bending (OPB), which would induce fatigue damage out of expectation. Also, some work 
has been done on the investigation on the torque between mooring chain links induced by chain twist [8, 
9], and its effects on the fatigue lives of mooring chain links [10] and the results show that the effects 
of torque on the fatigue lives of mooring chain links can be observed, and in some cases, fatigue lives 
of mooring chain links would drop due to chain twist. Nevertheless, the effects of OPB and torque are 
normally ignored in the traditional mooring fatigue analysis with use of the S-N curves/T-N curves-
based approaches. 
As an extension of the work of Xue et al. [11] and Xue and Chen [12], a mooring fatigue 
assessment for mooring chain links of a production semi-submersible in Offshore West Africa (OWA) 
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is conducted in this paper. Mooring chain links are subjected to not only pure tension, but also out-of-
plane bending (OPB) and torque are considered in the assessment. For the case that mooring chain links 
are subjected to pure tension, a comparative study on S-N curves, T-N curves and the fracture mechanics 
(FM)-based mooring system fatigue analyses is made. The fracture mechanics (FM)-based approach 
would be used for the assessment on the effects of OPB and torque induced by interlink angles and twist 
angles. 
 
2. Mooring system 
The four-column ring pontoon semi-submersible as described in the work of Wu et al. [13] and 
Xue and Chen [12] has been utilized for the mooring analysis. The hull of semi-submersible is symmetric 
in both east-west and south-north directions and the principal dimensions of the semi-submersible are 
listed in Table 1. 
The semi-submersible is spread moored with 16 mooring lines in four groups (Northeast, 
Northwest, Southeast and Southwest groups). The mooring system is symmetric in both east-west and 
south-north directions as well. Mooring line 1 in Northeast group is 37.5-degree clockwise from 
platform north and each two neighboring mooring lines in the same group lay with 5-degree separation. 
The detailed layout of mooring lines with numbering is shown in Fig. 1. 
For the purpose of this paper, a mooring system for a semi-submersible is hypothetically made 
up for a potential deployment in an offshore area of West Africa (OWA). All of mooring lines are 
constituted with same mooring components (Top chain - Middle fibre rope - bottom chain). The details 
of mooring components are listed in Table 2. The designed operating water depth is 1829 m (6000 ft), 
and the wear and corrosion rate of mooring chains is assumed be 0.5 mm per year for the service life of 
25years [13]. The normal and longitudinal drag coefficients are considered as (2.4, 1.15) for mooring 
chain links and (1.2, 0.1) for fibre ropes, respectively. The connecters between different segments of 
mooring lines are considered during the modelling of the mooring lines and the pretension of the 16 
mooring lines is set as 3152 kN. 
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3. Environmental conditions and environmental loads 
The semi-submersible is assumed to be installed and operated at OWA. The typical wave, swell 
and wind conditions of OWA have been simulated in the mooring fatigue analysis. The detailed sea 
states of OWA considering wave, swell and wind in collinear directions are listed in Table 3, which can 
be referred to Wu et al. [13]. 
 
3.1 Wave and swell loads 
The wave and swell induced loads acting on the semi-submersible are calculated in terms of 
response amplitude operators (RAOs) and long-term wave and swell conditions. The Ochi-Hubble 
spectrum [14] can be specified for the two parts and it can be applied for simulating the combined waves 
and swells conditions, part 1 is used for waves and part 2 for swells, that is: 
𝑆𝑆𝑂𝑂𝑂𝑂(𝜔𝜔) =  𝑆𝑆𝑂𝑂𝑂𝑂(1)(𝜔𝜔) + 𝑆𝑆𝑂𝑂𝑂𝑂(2)(𝜔𝜔)                                                                                                       (1) 
𝑆𝑆𝑂𝑂𝑂𝑂
(𝑖𝑖) (𝜔𝜔) = 𝑂𝑂𝑆𝑆𝑆𝑆2
4Γ(𝜆𝜆𝑆𝑆)𝜔𝜔𝑃𝑃𝑆𝑆 � 𝜆𝜆𝑖𝑖 + 14�𝜆𝜆𝑆𝑆 ( 𝜔𝜔𝜔𝜔𝑃𝑃𝑆𝑆) −(4 𝜆𝜆𝑆𝑆+1) exp �� 𝜆𝜆𝑖𝑖 + 14� � 𝜔𝜔𝜔𝜔𝑃𝑃𝑆𝑆�−4� , 𝑖𝑖 = 1,2                          (2) 
where 𝜔𝜔𝑃𝑃𝑖𝑖  is the peak frequency of part 𝑖𝑖 , 𝐻𝐻𝑆𝑆𝑖𝑖  the significant wave height of part  𝑖𝑖 , 𝜆𝜆𝑖𝑖  the peak 
coefficient parameter of part 𝑖𝑖, Γ() the gamma function. 
 
3.2 Wind loads 
The wind load 𝐹𝐹𝑊𝑊 acting on the structure is calculated by the equation: 
𝐹𝐹𝑊𝑊 =  12 𝐶𝐶𝐷𝐷𝜌𝜌𝜌𝜌𝑉𝑉𝑊𝑊2                                                                                                                                   (3) 
where 𝐶𝐶𝐷𝐷 is the drag coefficient, 𝜌𝜌 the density of air, 𝜌𝜌 the project area of the structure perpendicular to 
wind, 𝑉𝑉𝑤𝑤 the wind speed. 
The wind speed is considered as a statistical value and it is generated from the Harris spectrum 
[15]: 
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𝑆𝑆𝑊𝑊(𝑓𝑓) = 4𝑘𝑘𝑘𝑘𝑈𝑈10[2+( 𝐿𝐿𝐿𝐿
𝑈𝑈10
)2]56                                                                                                                       (4) 
where 𝑘𝑘 is the surface roughness coefficient, 𝐿𝐿 the scale length, 𝑈𝑈10 the mean wind speed at 10m above 
sea level, 𝑓𝑓 the wind frequency. 
 
4. Mooring line loading 
The function of the mooring line tension 𝑇𝑇 in frequency-domain analysis normally can be written 
as: 
𝑇𝑇 = 𝑇𝑇𝑃𝑃 + 𝑇𝑇𝑀𝑀 + 𝑇𝑇𝐷𝐷                                                                                                                       (5) 
where 𝑇𝑇𝑃𝑃 is the pretension of a mooring line, 𝑇𝑇𝑀𝑀 the mean tension due to the mean environmental load, 
 𝑇𝑇𝐷𝐷 the dynamic tension of the mooring line due to environmental loading, and it is considered as a 
combination of wave frequency (WF) tension and low frequency (LF) tension. In the present paper, the 
response amplitude operators of the semi-submersible are calculated in DNVGL Wadam and the de-
coupled analysis is then performed in Sesam MIMOSA to achieve WF and LF mooring line tensions for 
the mooring system of the semi-submersible. 
 
4.1 Wave frequency (WF) tension 
The variation in mooring tension caused by WF motions is calculated by a dynamic method. In 
this method, the mooring system is modelled as a dynamic system [16] as: 
𝑀𝑀𝑎𝑎
𝑑𝑑2𝑥𝑥
𝑑𝑑𝑡𝑡2
+ 𝐶𝐶 𝑑𝑑𝑥𝑥
𝑑𝑑𝑡𝑡
+ 𝐾𝐾𝐾𝐾 = 𝐹𝐹𝑆𝑆 + 𝐹𝐹𝑊𝑊 + 𝑇𝑇𝑊𝑊                                                                                            (6) 
where 𝑀𝑀𝑎𝑎 , 𝐶𝐶  and 𝐾𝐾  are the mass, damping, stiffness matrices of the system, respectively. 𝐾𝐾  is the 
displacement vector from the mean position,  𝐹𝐹𝑆𝑆 the static load acting on the structure, 𝐹𝐹𝑊𝑊 the first order 
wave force acting on the structure,  𝑇𝑇𝑊𝑊 the mooring line tension induced by the WF motion. 
 
4.2 Quasi-static low frequency (LF) tension 
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A quasi-static method is performed herein to predict the LF mooring line tension by estimating 
the offsetting of the platform induced by the drift forces. Considering a mooring line as shown in Fig. 2, 
the tension at the mooring line connecting to the fairlead induced by the LF motion can be written as: 
𝑇𝑇𝑘𝑘 = 𝑇𝑇𝑂𝑂 + 𝑤𝑤𝑤𝑤                                                                                                                                (7) 
where  𝑇𝑇𝑂𝑂 is the horizontal tension force at fairlead, 𝑤𝑤 the wet weight of mooring line per unit length, 𝑤𝑤 
the water depth. 
 
4.3 The combined tension 
As recommended by API RP 2SK [3], WF and LF load processes are regarded as two independent 
narrow-band random Gaussian processes. The combination of these two processes, namely the dynamic 
tension 𝑇𝑇𝐷𝐷, is also assumed to be a narrow-band process.  
For a narrow-band Gaussian process, the peak of the process, 𝑇𝑇𝑝𝑝, follows a Rayleigh distribution 
and the probability density function of 𝑇𝑇𝑝𝑝 can be expressed as: 
𝑓𝑓�𝑇𝑇𝑝𝑝� = 𝑇𝑇𝑝𝑝𝜎𝜎2 𝑒𝑒�−𝑇𝑇𝑝𝑝22𝜎𝜎2�                                                                                                                         (8) 
where 𝜎𝜎 is the standard deviation of the narrow-band process. 
In this study, 𝜎𝜎 is the standard deviation of the combined LF and WF tension process and it can 
be formulated as: 
𝜎𝜎 = �𝜎𝜎𝑊𝑊2 + 𝜎𝜎𝑘𝑘2                                                                                                                              (9) 
where 𝜎𝜎𝑊𝑊  and 𝜎𝜎𝑘𝑘  are the standard deviations of the WF tension process and LF tension process, 
respectively. The zero up-crossing frequency of the combined tension process, 𝑣𝑣𝐶𝐶,  can be given by: 
𝑣𝑣𝐶𝐶 = �𝜎𝜎𝐿𝐿2𝑣𝑣𝐿𝐿2+𝜎𝜎𝑊𝑊2 𝑣𝑣𝑊𝑊2𝜎𝜎𝑊𝑊2 +𝜎𝜎𝐿𝐿2                                                                                                                         (10) 
where 𝑣𝑣𝑊𝑊 and 𝑣𝑣𝑘𝑘  are the zero up-crossing frequencies of the WF and LF tension processes, respectively. 
 
5. Out-of-plane bending (OPB) of mooring chain link 
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Depending on the direction of bending moment, an out-of-plane bending (OPB) mode of mooring 
chain links can be defined as a bending mode where the mooring chain link is bent out of main plane. 
Considering three mooring chain links as shown in Fig. 3, the flat-link (Link 2) is subjected to 
OPB, and OPB moment 𝑀𝑀𝑜𝑜𝑝𝑝𝑜𝑜 at the left end of Link 2 can be calculated as:  
𝑀𝑀𝑜𝑜𝑝𝑝𝑜𝑜 =  𝑀𝑀𝑟𝑟 + 𝑇𝑇(𝐷𝐷𝑥𝑥𝑠𝑠𝑖𝑖𝑠𝑠𝑠𝑠 − 𝐷𝐷𝑦𝑦𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠)                                                                                        (11) 
in which 𝑀𝑀𝑟𝑟 is the bending moments leading the rotation of mooring chain link, 𝑠𝑠 the applied load angle, 
which can be considered as the summation of interlink angles 1 and 2.𝐷𝐷𝑥𝑥 and 𝐷𝐷𝑦𝑦  are horizontal and 
vertical distances as shown in Fig. 3, respectively.  
The sliding threshold 𝑀𝑀𝑠𝑠 is defined as: 
 𝑀𝑀𝑠𝑠 = 12𝐷𝐷 × 𝐹𝐹𝐹𝐹𝑟𝑟𝑖𝑖                                                                                                                           (12) 
where 𝐷𝐷 is the nominal diameter of chain link, and 𝐹𝐹𝐹𝐹𝑟𝑟𝑖𝑖 the friction between adjacent mooring chain 
links. If the bending moment calculated by Eq. (11) exceeds 𝑀𝑀𝑠𝑠, the 𝑀𝑀𝑜𝑜𝑝𝑝𝑜𝑜 should be considered as 𝑀𝑀𝑠𝑠. 
Ma et al. [17] and Izadparast et al. [18] explained the OPB mechanism inside the hawse pipe of 
Girassol Buoy. Fig. 4 shows another type of hawse pipe provided by a JIP report [19]. In this kind of 
device, the chain stopper plate would rotate to be perpendicular to the chain links automatically after the 
mooring line contacts with the hawse wall. As a result, the first flat-link from the chain stopper would 
keep rotating during the operating at the sea, and this chain link would be subjected to OPB. 
 
6. Torque between mooring chain links 
In general, chain twist will not be generated by axial loads acting on the mooring chain. However, 
in the engineering practice, the mooring chain links would be rotated by ropes connecting to chain links 
or some other unexpected reasons in design phase.  
Considering mooring chain links with a twist angle as shown in Fig. 5, the torque between 
mooring chain links can be given as [9]: 
𝑄𝑄 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠𝑇𝑇𝑇𝑇𝑇𝑇𝑠𝑠∅                                                                                                                      (13) 
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∅ = 𝑐𝑐𝑐𝑐𝑠𝑠−1 �2 𝑅𝑅
𝐷𝐷
𝑠𝑠𝑖𝑖𝑠𝑠2 �
90𝑜𝑜−𝛾𝛾
2
��                                                                                                       (14) 
𝑇𝑇 = 𝑠𝑠𝑖𝑖𝑠𝑠−1 � 𝐷𝐷𝑠𝑠𝑖𝑖𝐷𝐷∅𝑐𝑐𝑜𝑜𝑠𝑠�90𝑜𝑜−𝛾𝛾2 �
2(𝑅𝑅−𝑟𝑟𝑐𝑐𝑜𝑜𝑠𝑠∅)𝑠𝑠𝑖𝑖𝐷𝐷�90𝑜𝑜−𝛾𝛾
2
�
�                                                                                                 (15) 
where 𝑇𝑇 is tension force acting on the mooring chain links, 𝑇𝑇 the distance as shown in Fig. 5,  𝛾𝛾 the twist 
angle as shown in Fig. 5. 
For the cases that tensioned mooring chain links are rotated by the ropes during the operations, 
the gaps between the inner surfaces of the crown sections are not allowed, and the maximum twist angles 
are close to 20 degrees. 
 
7. Fracture mechanics analysis 
The mooring chain links of mooring lines are modelled, and the semi-elliptical initial cracks are 
assumed to propagate at the surface of chain links. The stress intensity factors are calculated in terms of 
stress ranges determined by a finite element (FE) analysis.  
 
7.1 Paris law and stress intensity factor 
Fracture mechanics analysis for mooring chains is performed herein based on the Paris-Erdogan 
equation [20] and BS7910 [21]. Semi-elliptical initial surface cracks are assumed to propagate at the 
surfaces of crown section, bend section and weld section of a chain link as shown in Fig. 6. 
Based upon the Paris-Erdogan equation, the crack depth a can be estimated by 
𝑑𝑑𝑎𝑎
𝑑𝑑𝐷𝐷
= 𝐶𝐶(∆𝐾𝐾)𝑚𝑚                                                                                                                                               (16) 
where n is the number of stress cycles, 𝐶𝐶 and 𝑚𝑚 are material constants. For steels in marine enviroments 
without protection, 𝐶𝐶 =  2.3 × 10−12, 𝑚𝑚 = 3 [21]. ∆𝐾𝐾 is the stress intensity factor range in a stress 
cycle and the stress intensity factor 𝐾𝐾 is defined as:  
𝐾𝐾 = 𝑌𝑌𝜎𝜎√𝜋𝜋𝑇𝑇                                                                                                                                     (17) 
where 𝑌𝑌 is the stress intensity correction factor. According to BS7910 [21],  𝑌𝑌𝜎𝜎 is calculated as: 
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𝑌𝑌𝜎𝜎 = 𝑀𝑀𝑓𝑓𝑤𝑤(𝑀𝑀𝑚𝑚𝑘𝑘𝑡𝑡𝑚𝑚𝑀𝑀𝑘𝑘𝑚𝑚𝜎𝜎𝑚𝑚 + 𝑀𝑀𝑜𝑜𝑘𝑘𝑡𝑡𝑜𝑜𝑀𝑀𝑘𝑘𝑜𝑜𝜎𝜎𝑜𝑜)                                                                              (18) 
where 𝑘𝑘𝑡𝑡𝑚𝑚 and 𝑘𝑘𝑡𝑡𝑜𝑜 are the stress concentration factors. 
For a semi-elliptical surface crack in a round bar as shown in Fig. 7, 𝑀𝑀 = 𝑓𝑓𝑤𝑤 = 𝑀𝑀𝑘𝑘𝑚𝑚 = 𝑀𝑀𝑘𝑘𝑜𝑜 = 1, 
𝑀𝑀𝑚𝑚 and 𝑀𝑀𝑜𝑜 can be referred to BS7910 [21]. 𝜎𝜎𝑚𝑚 and 𝜎𝜎𝑜𝑜 are membrane and bending stresses acting on 
round bars, which are calculated by linearizing the normal stresses of the cross-sections. Membrane 
stress is the mean stress over the thickness direction of cross-section, and it can be given as:  𝜎𝜎𝑚𝑚 = 1𝑡𝑡 ∫  𝜎𝜎𝐷𝐷𝑜𝑜𝑟𝑟(𝐾𝐾)𝑑𝑑𝐾𝐾𝑡𝑡0                                                                                                                           (19) 
where 𝑇𝑇  is the total thickness,   𝜎𝜎𝐷𝐷𝑜𝑜𝑟𝑟(𝐾𝐾)  the normal stress, 𝐾𝐾  the local distance along the thickness 
direction. 
Bending stress is the component of stresses due to imposed loading that varies linearly across the 
section thickness and it can be calculated as:  𝜎𝜎𝑜𝑜 = 6𝑡𝑡2 ∫  𝜎𝜎𝐷𝐷𝑜𝑜𝑟𝑟(𝐾𝐾)(𝑡𝑡2 − 𝐾𝐾)𝑑𝑑𝐾𝐾𝑡𝑡0                                                                                                            (20) 
The fatigue life 𝑁𝑁 is then estimated by an integration procedure:     𝑁𝑁 = ∫ 𝑑𝑑𝑎𝑎
𝐶𝐶(∆𝐾𝐾)𝑚𝑚𝑎𝑎𝑐𝑐𝑎𝑎0                                                                                                                            (21) 
where 𝑇𝑇𝑐𝑐   is the critical crack depth and 𝑇𝑇0 is the initial crack depth. Based on the work of Mathisen and 
Larsen [22] and Xue et al. [11], the critical crack depth is set as 12% of the chain diameter and the initial 
crack depth is assumed to be 0.5 mm [23, 24]. 
 
 
 
7.2 Finite element analysis  
R4 grade common studless mooring chain links are main components of the top chains and bottom 
chains in the mooring system. The FE model for a studless mooring chain link is built with standard 
dimensions. The total length 𝐿𝐿 and breadth  𝐵𝐵 of a mooring chain link are given by: 
𝐿𝐿 = 6𝐷𝐷, 𝐵𝐵 = 3.35𝐷𝐷                                                                                                                            (22) 
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The model is meshed with quadratic hexahedron elements and the surface contract effects between two 
mooring chains are considered and the contact regions are meshed with quadratic quadrilateral 
contact/target elements. The stress-plastic strain relationship for R4 Grade steel is given in the Fig. 8 
[25]. 
 
7.2.1 Common chain links subjected to pure tension 
Three mooring chain links (one full chain links and two halves of chain links) in the FE analysis 
are modelled to simulate common mooring chain links subjected to pure tension forces, as shown in Fig. 
9. The tension forces are applied at the Ends A, B, C and D with the directions normal to these ends. 
 
7.2.2 Chain links with interlink angles  
Three mooring chain links (two half upright-links and one full flat-link) are modelled in the FE 
analysis, as shown in Fig.10. The first half upright-link is considered as the chain link provided by the 
chain stopper, and the end face (End B) of this chain link is fixed. Tension forces are applied at the ends 
of the third mooring chain link (End A) by pressure, then bending moments are applied at End A as well 
to rotate mooring chain links to the interlink angles of 1, 2, 3, 4 and 5 degrees, respectively. 
In this case, the contact region between mooring chain links would be larger than mooring chain 
links without proof loading test due to the local plastic deformation induced by the proof loading test, 
and it would cause uncertainty in the rotation of mooring chain links. To include the effects of the proof 
loading test, three loading steps are applied in the analysis:  
1) Apply the proof loading at the chain links 
2) Unload the proof loading 
3) Apply operating loading at the two half chain links 
 
7.2.3 Chain links with twist angles 
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A full chain and two half chains are modelled to simulate mooring chain links with twist angles, 
as shown in Fig. 11. Twist angles of 5, 10, 15 and 20 degrees are considered to investigate the effect of 
torque induced by chain twist on fatigue lives of mooring chain links. The tension loads are applied at 
End faces A, B, C and D, and the sliding of contact regions between each chain link is allowed.  
 
8. Results and discussion 
8.1 Comparison between S-N curves, T-N curves and FM based fatigue analyses 
The maximum principal stress of the common mooring chain links subjected to pure tension is 
shown in Fig.12. Fatigue lives of mooring chains calculated by S-N curves and T-N curves based 
approaches (with the safety factors suggested by DNVGL [4] and API [3]), and FM based approach are 
plotted in Fig. 13. 
Fig.12 shows that the most critical location of mooring chain links prone to fatigue damage are 
the crown sections. Fig. 13 shows that the fatigue lives predicted by T-N curves, S-N curves, and FM 
based approaches are in general comparable if the safety factors suggested by API RP 2SK [3] and 
DNVGL OS E301 [4] are applied to the T-N curves and S-N curves-based approaches. Fatigue lives of 
weld sections considering a stress concentration factor (SCF) of 2.0 predicted by the FM based approach 
are only 2.5% shorter than those calculated by the T-N curves-based approach considering a safety factor 
of 3.0 (suggested by API RP 2SK [3]), and 30% shorter than those calculated by the S-N curves-based 
approach considering a safety factor of 5.0 (suggested by DNVGL OS E301 [4]).  
 
 
 
8.2 Effect of interlink angles 
The maximum principal stresses of the mooring chain links with interlink angles are plotted in 
Fig.14, which shows that the most critical location of mooring chain links prone to fatigue damage 
would move to the inner surface of bend section. The fatigue lives of bend sections of mooring chain 
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links with various interlink angles are plotted in Fig. 15. The ratios of fatigue lives of mooring chain 
links with different interlink angles to those of common mooring chain links subjected to pure tension 
is plotted in Fig.16. Fig. 16 shows that fatigue lives of mooring chain links are significantly decreased 
with the increase of the interlink angle. Also, Fig.16 shows that the ratio of fatigue lives with interlink 
angles of 1. 2, 3, 4 and 5 degrees are 90%, 88%, 87%, 84% and 82% of those subject to pure tension, 
which means that compared with common mooring chain links, the fatigue lives of mooring chain links 
with small interlink angles would be decreased. 
 
8.3 Effect of twist angles 
The maximum principal stresses of the mooring chain links with twist angles are plotted in Fig.17. 
Fig.17 shows that the most critical location of mooring chain links prone to fatigue damage are the 
crown sections. Fatigue lives of crown sections of mooring chain links with various twist angles are 
plotted in Fig. 18. The ratios of fatigue lives of mooring chain links with various twist angles to those 
of common mooring chain links subjected to pure tension is plotted in Fig.19. Fig.19 shows that the 
ratio of fatigue lives with twist angles of 5, 10, 15 and 20 degrees are 107%, 93%,93% and 88% of those 
subjected to pure tension, respectively. Fig. 19 shows that when the twist angles are not larger than 5 
degrees, the chain twist would not diminish fatigue lives of mooring chain links. This might be due to 
the reason that when the twist angle changes from 0 degrees to under 5 degrees, the contact region 
between mooring chain links would change from a circle to an ellipse, and so that the area of the contact 
region might be slightly larger than those mooring chain links subjected to pure tension, which would 
induce a lower local stress at the crown point of the mooring chain links. Fig. 19 also shows that while 
the twist angles are larger than 10 degrees, the chain twist would induce the decline of fatigue lives of 
mooring chain links. 
 
9. Conclusion 
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A mooring fatigue assessment for mooring chain links of a semi-submersible assumed to be 
operated in OWA environment was conducted. Stress ranges were calculated based on the tension ranges 
of the mooring systems subjected to the combined wave frequency (WF) and low frequency (LF) loading 
process. In the FM based analysis, mooring chain links were considered as round bars, and initial cracks 
were assumed to propagate from surfaces of chain links. Stress intensity factors were calculated in terms 
of stress ranges determined by the finite element (FE) analysis. 
Three cases that mooring chain links are subjected to pure tension, mooring chain links laying on 
the chain wheels, and mooring chain links with twist angles, were performed and the results show that 
• Fatigue lives predicted by S-N curves, T-N curves and FM based approaches are generally 
comparable if the safety factors suggested by DNVGL and API are applied to S-N curves and 
T-N curves-based approaches. 
• Fatigue lives of mooring chain links are decreased significantly due to the OPB effects with the 
increase of the interlink angles. 
• Fatigue lives of mooring chain links due to chain twist may not diminish if the twist angles are 
less than 5 degrees. 
• The decline of fatigue lives of mooring chain links happens when twist angles are larger than 
10 degrees. 
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Table caption list 
Table 1 Principle dimensions of columns and pontoon of the semi-submersible 
Table 2 Diameters and lengths for mooring components 
Table 3 Environmental conditions at OWA (Wu et al., 2015) 
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Figure caption list 
Fig. 1. Detailed arrangement of 16 mooring lines serviced in the platform  
Fig. 2. Schematic diagram of mooring line 
Fig. 3. Mooring chain links subjected to OPB 
Fig. 4. Sketch of mooring chain constraint provided by the chain stopper  
Fig. 5. Mooring chain links subjected to torque 
Fig. 6. Locations of a chain link prone to fatigue damage: (a) chain link subjected to pure tension; (b) 
chain link subjected to OPB 
Fig. 7. Geometry of a round bar with a semi-elliptical crack 
Fig. 8. Stress-plastic strain relationship for R4 grade steel (DNVGL and Kapella, 2017) 
Fig. 9. FE model and boundary conditions of mooring chain links subjected to pure tension 
Fig. 10. FE model and boundary conditions of mooring chain links with interlink angles 
Fig. 11. FE model and boundary conditions of mooring chain links with twist angle 
Fig. 12. Maximum principal stress of the mooring chain link subjected to pure tension 
Fig. 13. S-N curves, T-N curves and fracture mechanics based fatigue analyses for mooring chains 
subjected to pure tension:(a) Line 1 to Line 4; (b) Line 5 to. Line 8; (c) Line 9 to Line 12; (d) 
Line 13 to Line 16 
Fig. 14. Maximum principal stress of the mooring chain link with interlink angles 
Fig. 15. Fracture mechanics-based fatigue analyses for mooring chains with interlink angles:(a) Line 1 
to Line 4; (b) Line 5 to. Line 8; (c) Line 9 to Line 12; (d) Line 13 to Line 16 
Fig. 16. Impact of OPB shown as the ratios of fatigue lives of mooring chain links with interlink 
angles of 1, 2, 3, 4 and 5 degrees to those subjected to pure tension 
Fig. 17. Maximum principal stress of the mooring chain link with twist angle 
Fig.18. Fracture mechanics-based fatigue analyses for mooring chains with twist angles:(a) Line 1 to 
Line 4; (b) Line 5 to. Line 8; (c) Line 9 to Line 12; (d) Line 13 to Line 16 
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Fig. 19. Impact of twist shown as the ratios of fatigue lives of mooring chain links with twist angles of 
5, 10, 15 and 20 degrees to those subjected to pure tension 
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Table 1 Principle dimensions of columns and pontoon of the semi-submersible 
 
Overall length of the platform 96.0 m 
Operating draft 26.0 m 
Length of the column 22.0 m 
Height of the column 53.0 m 
Width of the pontoon 22.0 m 
Height of the pontoon 10.0 m 
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Table 2 Diameters and lengths for mooring components 
 
 Diameter Length 
Top chain 152 mm (6 in) 150 m 
Middle fibre rope 267 mm 2600 m 
Bottom chain 152 mm (6 in) 210 m 
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Table 3 Environmental conditions at OWA [13] 
Bin Swell Wind wave Wind 
speed 
(m/s) 
Direction 
(degree) 
Probability 
Hs 
(m) 
Tp 
(s) 
Hs 
(m) 
Tp 
(s) 
1 1.75 14 0.3 2.7 8 0 30.4 
2 1.75 22 0.7 3.8 14 0 7.6 
3 2.75 14 0.3 2.7 8 0 9.2 
4 2.75 22 0.7 3.8 14 0 2.3 
5 3.75 14 0.3 2.7 8 0 0.4 
6 3.75 22 0.7 3.8 14 0 0.1 
7 1.75 14 0.3 2.7 8 45 30.4 
8 1.75 22 0.7 3.8 14 45 7.6 
9 2.75 14 0.3 2.7 8 45 9.2 
10 2.75 22 0.7 3.8 14 45 2.3 
11 3.75 14 0.3 2.7 8 45 0.4 
12 3.75 22 0.7 3.8 14 45 0.1 
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